This study deals with partial nitrification in a sequencing batch reactor (PN-SBR) treating raw urban landfill leachate. In order to enhance process insight (e.g. quantify interactions between aeration, CO 2 stripping, alkalinity, pH, nitrification kinetics), a mathematical model has been set up. Following a systematic procedure, the model was successfully constructed, calibrated and validated using data from short-term (one cycle) operation of the PN-SBR. The evaluation of the model revealed a good fit to the main physical-chemical measurements (ammonium, nitrite, nitrate and inorganic carbon), confirmed by statistical tests. Good model fits were also obtained for pH, despite a slight bias in pH prediction, probably caused by the high salinity of the leachate.
INTRODUCTION
During partial nitrification, ammonium is oxidised to nitrite while further nitrification to nitrate is suppressed.
This reaction plays an important role during biological nitrogen removal from streams with high ammonium concentrations (e.g. sludge digester supernatant, landfill leachate), when aiming at lower oxygen and organic matter consumption, in comparison with conventional nitrification/denitrification treatments. For instance, partial nitrification reactors can be coupled with an anammox process, ending up in a fully autotrophic system capable of removing high nitrogen loads in a more sustainable way (Van Dongen et al. 2001) .
Previous studies (Lai et al. 2004; Ganigué et al. 2007) demonstrated the feasibility of achieving a successful nitritation using the Sequencing Batch Reactor (SBR) technology for the treatment of nitrogen high-loaded streams.
However, despite the experience acquired, the reactor's response to changes in the operational conditions and influent characteristics is not always easy to understand or predict, given the complexity of the system, e.g. interactions between oxygen supply, CO 2 stripping, alkalinity, pH, inhibition effects, nitrification kinetics, among others.
Mathematical models can be a useful tool to increase the process knowledge and help to better understand doi: 10.2166/wst.2010.979 biological processes and the physical phenomena taking place in a partial nitrification-sequencing batch reactor (PN-SBR). Traditional modelling has assumed nitrification and denitrification as single-step processes (Henze et al. 2000) . Nevertheless, when modelling a partial nitrification system it is necessary to consider nitrite as an intermediary step of nitrification and denitrification. Nowadays there are several biological models describing nitrite build-up, as reviewed by Sin et al. (2008) . Some of these models focus on the treatment of nitrogen high loaded-streams (Hellinga et al. 1999; Volcke et al. 2002; Wett & Rauch 2003 ; among others) and can be used as a basis when modelling specific processes. It is clear that existing models may need to be modified or extended to include all relevant physicalchemical processes and biochemical transformations for a given application. Besides, the model needs to be calibrated for influent and process specific parameters. This is highlighted in this study for partial nitrification of landfill leachate in a SBR, aiming at increased process knowledge (e.g. quantify interactions between aeration, CO 2 stripping, alkalinity, pH, nitrification kinetics) and focusing on the short-term dynamics (cycle basis). This work also deals with the usefulness of a systematic calibration guideline and its refinement.
MATERIALS AND METHODS

Reactor set-up and operation
The reactor under study concerns a 20 L lab-scale SBR treating raw urban landfill leachate. The reactor temperature was controlled at 36^18C through a water jacket.
Dissolved oxygen was kept at a set-point value of
21 by an on-off controller acting on the airflow.
The SBR was equipped with a monitoring and control system including on-line probes measuring dissolved oxygen (DO), pH, oxidation-reduction potential (ORP) and temperature (T). A more detailed description of the experimental set-up can be found in Ganigué et al. (2007) .
The SBR was operated for more than 400 days with a constant cycle length of 8 h. During a first period (day 0 to 245), a fed-batch operating strategy was applied, characterised by one long feeding phase. Afterwards, the operation strategy was switched to a step-feeding, with multiple feeding events (days 245 to 410). 
Calibration guideline
In order to perform the modelling procedure in a systematic and organised way, the guideline presented in Corominas (2006) for the SBR systems was followed. Nevertheless, due to specific features of the PN-SBR system, minor modifications were introduced to this guideline. These changes Step-feed (validation) (b) (a) Figure 1 | SBR cycle definition in both periods. a) fed-batch and b) step-feed. (Ganigué et al. 2008). included: (i) the adaptation of the influent wastewater characterisation to the available historical data, (ii) the inclusion of an identifiability analysis to find an identifiable parameter subset for model fine-tuning (Ruano et al. 2007) and (iii) the use of additional statistical tests for the evaluation of the model fits to data. Regarding the organic matter, the available historical data sets did not contain soluble chemical oxygen demand (COD S ) measurements, essential for the organic matter fractionation. Nevertheless, dissolved organic carbon (DOC) measurements were available. In this way, COD S at the influent and effluent were calculated from the DOC values, applying empirical ratios. These ratios were experimentally found to be 1.86 mg COD S per mg DOC at the influent, and 2.3 mg COD S per mg DOC at the effluent.
Wastewater characterisation
Identifiability analysis
The methodology defined in Brun et al. (2002) Table 1 .
Statistical tests for model evaluation
To support the visual evaluation, the quality of the fits was assessed also by statistical tests ( Finally, the Janus coefficient measures the predictive accuracy of the model, and its value should be close to 1. 
where dy i /du j is defined as the absolute sensitivity of the model output y i to the parameter u j ; n the number of measurements (at different time instants); min l˜k is the smallest eigenvalue of the normalised subset matrixS T KSK , and det S T K S k 1=2k is the determinant function of the n £ K subset matrix of S. 
ymeas;i2yðtiÞ j j
ðymeas;i2yðtiÞÞ 2 n is the total number of observations of the variable y; ymeas,i is the ith measurement of the variable y, and y(ti) is the corresponding model output at time i; n_cal and n_val are the total number of measurements in calibration and validation period, respectively.
THE PARTIAL NITRIFICATION MODEL
The partial nitrification SBR model (implemented in Matlab-Simulink w ) was based on the SHARON model developed by Volcke et al. (2002) . This model was adapted from state variables expressed on a molar basis to the same units as the Activated Sludge Models (ASM, Henze et al.
2000)
. Firstly, the hydraulic model was changed from a continuous stirred-tank reactor (CSTR) to a SBR, by implementing a cycle that was repeated over time.
Biological reactions took place during feeding and reaction
phases. Settling and draw phases were ideally modelled, assuming that no biological reactions were taking place.
Furthermore, settling was modelled considering the SBR as a point settler. The total suspended solids in the effluent were assumed to be the non-settlable fraction ( f ns ).
Regarding the biokinetic model (given as appendix in matrix format), reversible inhibition kinetics were included for free ammonia and free nitrous acid for both ammonium and nitrite oxidation processes (the original model only contained nitrous acid inhibition of ammonium oxidation). (Tables A.2 and A.3). Temperature dependency was also taken into account on the kinetic parameters by an Arrhenius type expression, despite the reactor being operated at a constant temperature. In this way, temperature correction coefficients are also included in the appendix (Table A. 
4).
Besides the reactor liquid phase, in which the biological reactions take place, the model also considers a gas phase (i.e. the bubbles in the liquid phase). Between these phases, which are both assumed to be perfectly mixed, transport of oxygen, carbon dioxide, nitrogen and ammonia occurs. (which would result in a differential equation) but from a charge balance over the reactor, expressing that the sum of all charges must be zero (Equation (1)). 
MODEL CALIBRATION AND VALIDATION
Identifiability analysis
An identifiability analysis was performed to determine an identifiable subset of parameters to calibrate the model. There is not a clear cut-off value for the d j msqr (Ruano et al. 2007 ). Nevertheless, based on experience, a threshold value of 0.05 was chosen as a cut-off value to select the more significant parameters, and reduce the computational time for further collinearity index and determinant measures calculation. As a result, a subset containing the 12 parameters presenting the higher d j msqr was selected.
Subsequently, the collinearity index (g) and the determinant measures (r) for each output variable were calculated for all possible subsets containing two to 12 of the 12 most significant parameters. From these results, the larger parameter subsets satisfying the identifiability threshold (taken as g ¼ 5 in this study, based on previously reported experiences) were selected (see Table 3 ). Note that no subset is presented for NO 3 2 , since no parameter subset yielded a collinearity index lower than the threshold value (g , 5) for this output.
Calibration and validation
The calibration step was conducted in two stages, as proposed in Corominas (2006) . First, the model was simulated with a constant influent to reach quasi steadystate, and the volatile suspended solids (VSS) concentration inside the reactor was adjusted by tuning the f ns . Once achieved proper conditions, the cycle evolution calibration was performed following a step-wise procedure. The process dynamics were fitted by manually fine-tuning the identifiable parameter subsets previously found in the identifiability analysis (see Table 3 Table 4 .
After finishing the calibration step, the model was validated using an independent data set, in this case cyclic profiles corresponding to step-feed operation (Figure 1 ). Raw leachate used in this study presented a conductivity above 35,000 mS cm 21 . In this sense, elevated ionic strengths may affect pH calculation. Under such a high value, it is recommended to use activities instead of concentrations (Smith & Chen 2006) .
Statistical tests for model evaluation
Besides the visual judgement described above, the model fit for the calibration and validation data sets was also quantified on the basis of statistical tests. Results are summarised in Table 5 .
As can be seen in Table 5 , ammonium and nitrite present MAE and RMSE values higher than 40. This is due to the elevated concentration of these compounds, and may not imply poor fittings. In this way, ARD could be useful to Volcke (2006) i CBM Carbon content of the biomass 0.36 g C (g COD)
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Volcke (2006) i NXS Nitrogen content of X S 0.04 g N (g COD)
Henze et al. (2000); ASM3
i PXS Phosphorus content of X S 0.0089 g P (g COD)
Volcke (2006) i CXS Carbon content of X S 0.3 g C (g COD)
Volcke (2006) i NSS Nitrogen content of S S 0.03 g N (g COD)
i PSS Phosphorus content of S S 0.0089 g C (g COD)
Volcke (2006) i CSS Carbon content of S S 0.3 g C (g COD)
Volcke ( 
